In this work, the design of a new downhill mountain bike frame, made with an innovative natural composite, is presented. The study is based on an early finite element analysis of the characteristics and performance of a standard frame made of aluminum, allowing to define the loading conditions and to provide a design optimization of the frame in different race situations. The model was later implemented with the properties of a natural reinforced composite. The results obtained show that the new composite allows a weight reduction with a stiffness and a safety coefficient comparable to the standard aluminum frame.
Introduction
Mountain bike (MTB) cycling is a phenomenon that was born in the 1970s from innovations made to road and touring bikes. 1, 2 In this work, the comparison between a downhill MTB frame made of aluminum and an innovative frame made of an innovative environmental friendly and potentially recyclable composite material 3 is carried out. The substitution of standard materials with composite materials, together with the re-design of components, is an effective way to reduce weight. [4] [5] [6] In the case of a MTB, weight reduction is a challenging task because of the high level of stress on the bicycle frame. 7 In particular, both forces induced by athletes as well as those induced by the race track provide a high stress in comparison to those of other cycling disciplines (e.g. road cycling).
1,2

Design approach
Based on the structural analysis of the entire frame, presented in Figure 1 , the overall weight of the aluminum system is 6.2 kg. The frame is manufactured by welding together aluminum plates and tubular elements. In particular, the frame represented in Figure 1 is taken into account as reference for the design in which aluminum is replaced by a novel fiber-reinforced composite system. The use of an innovative material as replacement of a traditional one is a complex problem [7] [8] [9] with different technical, economic and environmental implications. 10, 11 In particular, regarding the downhill MTB frame, it is necessary to underline the trade-off between a high-performance structure and the economic/environmental sustainability of the system. Regarding the technical performance, the stresses induced by the use of the MTB bike must be significantly lower than the limit of static and fatigue resistance of the material. However, this fundamental aspect is not enough for a complete design of the mechanical structure. It is also necessary to define the stiffness of the structure that must be comparable with the original aluminum structure, although several athletes have shown a preference for a deformable structure, depending to the race track. Another key aspect, typically related to the stiffness, is the weight of the material; in particular, in the literature, different diagrams show the relationship between Young's modulus and the density of the material itself. 12, 13 In this study, a composite made with Biomid fiber is used as an alternative to aluminum for the frame of a downhill MTB.
Load conditions
In order to design a fiber-reinforced composite frame, it is extremely important to define its load conditions. This also allows to compare its performances versus those of an aluminium frame. The analysis of the load conditions has been performed by considering different standards 14 of the maximum loads and through experimental measurements. In Figure 2 , the results of kinematic analysis of the Downhill MTB frame carried out through the use of video recording are presented. This analysis was performed considering a spring and damper mass system such as in the lifting systems. 15 In particular, the displacement of the rear wheel and the forces generated by the spring on the frame is shown in Figure 2 .
Some examples of activities causing load conditions which induce a twist in the frame are the riding of a two close S-curves at high speed and the traction of the handlebar while pedaling. In addition, two other conditions, further than typical load conditions, have been studied in this analysis. The first is the overcoming of an obstacle in a race track (height of 60 mm at 55 km/ h): in this situation, different forces have been determined on the frame in order to consider acceleration of the bike and the rigidity of the front suspension. The second is represented by landing after a jump with a full compression of both suspensions (i.e. front and rear), as presented in Figure 3 .
Once defined the stiffness and determined the forces, a model of the frame was implemented in the finite element analysis (FEM).
Materials
Two different materials were adopted in this analysis. In the first case, aluminum EN AW 6060 in the T6 16 configuration (heat treated and artificially aged) has been used, while the frame was in its original geometric configuration ( Figure 1 ). All the mechanical characteristics are presented in Table 1 .
For the second case, an innovative fiber-reinforced composite system, satisfying the requirements of lightness and of an environmental friendly design, was conceived. In order to provide a description of its mechanical properties, a multilayered laminate was prepared and characterized under tensile conditions.
The composite system incorporates cellulose-based fibers in a bi-component epoxy resin. The cellulosebased fibers are developed by Gordon Shank Consulting LLC (Burnaby, British Colombia, Canada) and provided as woven fabric under the trade name Biomid, 17 while the bi-component epoxy resin is the Super Sap CLR (Entropy Resins, Inc., Hayward, CA, USA), obtained from sustainable and renewable resource and from waste products of industrial processes. 18 According to the producer datasheets, 17 Biomid fibers present a low density, close to that of aramidic systems, and properties and appearances similar to that of glass fibers. The Super Sap is a commonly used epoxy resin, with a transparent appearance, intended for composite laminates production, for coatings and as adhesive.
The specimens for the tensile tests were prepared by vacuum bagging, by adopting a multidirectional stacking sequence, so to obtain a quasi-isotropic response. Biomid fibers were provided as 0°/90°woven fabrics. The composite was prepared as a three-ply structure with a [0°/45°/ 0°] stacking sequence, infused by the resin under vacuum and crosslinked under vacuum for 24 h at room temperature. An additional week was waited before testing the material to allow complete crosslinking, which was confirmed by differential scanning calorimetry tests (DSC Q100; TA Instruments, New Castle, DE, USA) carried out on specimens cut from the composite sheet.
Tensile tests were carried out on tensile bars cut from the sheet; the tensile bars had the following geometry: overall length = 250 mm, gauge length = 200 mm, cross-section = 24 3 1 mm. Tests were carried out under displacement control by means of an electromechanical dynamometer (Mod. 3366; Instron (Norwood, MA, USA)), operating under displacement control at a crosshead speed equal to 2 mm/min. Tensile tests were carried out until failure and an extensometer was employed to properly evaluate the tensile modulus. Tests were carried out by applying the strain ramp along different directions (0°, 30°45°, 90°w ith respect to weft fiber orientation). Furthermore, the density of the composite was determined by the buoyancy method in water. 19 The results obtained are reported in Table 1 . Regarding the mechanical properties, it is important to remark that similar stiffness, strength and strain at break were measured along all testing directions. For this reason, Table 1 reports the average of the values measured on the various testing directions. The reliability of the material for the realization of components has also been verified through a previous research, in which an entire hull for a boat racing was designed and built. 20 
Original frame
After the definition of the geometric dimensions, a solid model of the frame has been created and a finite element analysis has been carried out. In order to have a high reliability of the results, two softwares have been used for the FEM analysis: the solver available in the SolidWorks software and the Autodesk Simulation software. The finite element model was realized with about 500,000 quadratic brick elements and the mesh was thickened around the joints of the tubolar elements. The numerical analysis performed on the frame shows that the most critical load condition occurs in the case of the landing after a jump. This load condition, presented in Figure 4 , involves all the connections of the tubular elements. In this case, the maximum value of stress is about 50 MPa, which means a safety factor of 3 if compared to the limit of the material yield. This analysis allowed also to have an estimation of the frame stiffness ( Figure 5 ). The safety factor was estimated as the ratio between the magnitude of the applied force and the corresponding displacement in the different load conditions. The same safety factor was also used for the design and implementation of the frame made with the new composite material.
New frame
The numerical analysis showed that the maximum stresses are concentrated in correspondence of the connections among the various elements of the frame. The magnitude of these stresses suggests the unsuitability of the new composite for its use in this application. For this reason, it was decided to introduce a hybrid solution that couples aluminum elements for the connections and with composite tubular elements. Figure  6 (a) shows, in red, elements of the frame made with the composite in the absence of the aluminum plate. In Figure 6 (b), the structure is presented after the introduction of the aluminum plate. FEM analyses carried out have been particularly complex, due to the elaboration of the structure. For this reason, it was necessary to perform a series of numerical analyses with the aim of reproducing the performance obtained with the tensile tests made on the different layers of the composite. Another important aspect is related to the connection between aluminum and composite. In particular, it was decided to overlap the composite over the aluminum for a lenght of at least 1.5 times the diameter of the tubular element. With this configuration, a series of simulation iterations has been introduced in order to optimize the geometry of the tubular elements (essentially the diameter and its thickness) and to obtain a comparable solution in terms of safety factor and stiffness coefficient with the aluminum frame. The onset of torsional and bending buckling phenomena has been observed for the elements made with the Biomid-reinforced composites. This aspect was not presented in the original aluminum components and it is due to the minor thicknesses of the diameter of the tubular element.
Two different implemented solutions were introduced during this analysis. The first one is to taper the junction between the aluminum element and Biomid element. In this way, there is a correct transfer of forces between two elements, and the problem of local buckling 21 is also avoided. On the other hand, the solution adopted provides a tubular element made of composite with an outer circular section and a rib along the entire length of the tubular with a height equal to the thickness of the composite. This solution allows to overcome the problem related to the instability in the tubular element. The final configuration adopted is shown in Figure 6 and the corresponding parameters are reported in Table 2 , where the differences between the aluminum and composite solutions can be seen. Table 2 shows mechanical and geometric characteristics of tubular elements used with the new material in place of those made of aluminum. The optimized design solution allowed to determine the geometry of the tubular elements for the new material and to calculate the weight of both frames.
For all load conditions analyzed and reported, the solution developed has a value of the safety coefficient similar to the original aluminum frame. Safety factor is defined as the ratio between the ultimate strength of material and the maximum value of the stress. This ensures a similar structure behavior with a lower stiffness of the frame with the full compression of the suspensions in the worst conditions of landing after a jump.
The final weight of the frame is changed from 6.2 to 5.85 kg with a total reduction of 0.35 kg. For what concerns the tubular elements replaced, the initial weight was about 1.35 kg and the final weight is 1.0 kg with a reduction of approximately of 25%. Furthermore, the stiffness calculated for the new frame is about half of that for the aluminum frame. This aspect, which is often related to the preferences of the athletes, has a clear repercussion on dynamic effects induced by the race track on the frame and on the athlete. For example, as in the lifting equipment sector, the decrease of stiffness implies a decrease of the dynamic overstressing effect induced by the movement of the load. In this specific case, the decrease of stiffness causes yielding as in the case of softer suspensions. If this overall stiffness reduction is not welcome by the athlete, it is always possible to stiffen the frame by introducing a suitable plate that ties all three tubulars (presented in Figure 6 ). This would lead to a reduction in weight of 0.33 kg while maintaining a comparable stiffness.
With reference to the environmental aspects, a comparative and quantitative analysis of the environmental performance of the two alternatives considered with a life cycle perspective has not yet been complete. Nevertheless, it is also important to underline the overall environmental impact of the process that will not be particularly severe 22 since all the materials constituting the new composite (skins, core and resin) are environmental friendly and potentially recyclable, since the resin is obtained from renewable resources and from industrial waste and since the production process of the composite occurs at room temperature, thus not having a high energy requirements.
Conclusion
The aim of this study was to evaluate the performance of an innovative downhill MTB frame made with a cellulose-based fibers-reinforced composite in comparison to that of a traditional aluminum. This work also analyzed the load conditions on the frame in order to underline the worst working condition. This stressed situation is mainly referred to the landing after a jump with a full compression of the suspension. A FEM was carried out in order to characterize the structural behavior of the frame (forces and displacements) in different load conditions. These parameters have been used as base for the new frame geometry, later implemented in the frame. The new composite is suitable only for the central area of the frame (top and down tube and chain stays) because of the maximum level of stress. A hybrid solution made with aluminum and Biomid-reinforced composite has been developed, and from the simulation, it was found that this substitution leads to a reduction in weight of 25% with the same safety coefficient. This solution may also lead to a decrease of the frame stiffness, which may be adjusted to the initial values just with the introduction of an appropriate central plate. Given the positive result obtained, especially in terms of weight reduction, a further step of this work will be the realization of the first prototypes that will be used for the subsequent and necessary phase of testing.
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